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Innovative Demodulation Scheme for Coherent Detectors in CMB 
Experiments 

K. lshidoshiro,^'E3 Y. Chinone/ M. Hasegawa,^ M. Hazumi/ M. Nagai,^ and 0. Tajima^ 

Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Oho, Tsukuba, 
Ibaraki, 305-0801, Japan 

(Dated: 26 February 2013) 

Wc propose an innovative demodulation scheme for coherent detectors used in cosmic microwave background 
polarization experiments. Removal of non- white noise, e.g., narrow-band noise, in detectors is one of the 
key requirements for the experiments. A combination of modulation and demodulation is used to extract 
polarization signals as well as to suppress such noise. Traditional demodulation, which is based on the two- 
point numerical differentiation, works as a first-order high pass filter for the noise. The proposed demodulation 
is based on the three-point numerical differentiation. It works as a second-order high pass filter. By using 
a real detector, we confirmed significant improvements of suppression power for the narrow-band noise. We 
also found improvement of the noise floor. 

PACS numbers: 07.57.Kp, 98.70.Vc, 98.80.-k 
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Detection of primordial gravitational waves could pro- 
vide a new and unique window on the very early uni- 
verse. Degree-scale odd-parity patterns in cosmic mi- 
crowave background (CMB) polarization, i?-modcs, are 
a smoking-gun signature of the primordial gravitational 
wavesi. Since i?-modes are very faint (< 100 nK), it is 
essential to accumulate observation data for long time, 
e.g., a few years. We evaluate the i3-modes by using 
the CMB power spectrum^. Suppose polarization sensi- 
tive detectors have white Gaussian noise, the precision of 
the measured spectrum is inversely proportional to the 
data integration time. However, for real experiments, the 
data contain non- white components in analysis band; line 
noise (narrow band noise) . Potential sources of such noise 
are AC line noise, mechanical resonances of the telescope 
and so on. The line noise degrades the sensitivity im- 
provement with respect to data integration time. In the 
case of the experiments which use coherent detectors^ii, 
the CMB polarization signal is extracted by a combina- 
tion of modulation and demodulation. This technique 
can also suppress the non- white noise. 

In this paper, we suggest improved demodulation 
scheme based on the idea extension to three-point dif- 
ferentiation from the two-point one. It drastically im- 
proves the suppression of the line noise in the analysis 
band. Therefore, the residual line noise in the two-point 
demodulation can be suppressed further, even if we do 
not know the sources of the line noise. 

In the case of coherent detectors, the phase of the 
input CMB polarization signal is shifted by changing 
two microwave paths which have different path lengths. 
The difference is designed to correspond to a half wave 
length of the input CMB signals. Therefore, periodic 
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path switching works as sign modulation at a given fre- 
quency. Two-point differentiation between two modula- 
tion states, namely two-point demodulation, extracts the 
polarization signals and filters noise components at fre- 
quencies lower than the modulation frequency. As a re- 
sult, the demodulated data have a white spectral density 
whose floor is determined by the input noise at around 
the modulation frequency. 

The raw output at time ti of the detector can be de- 
scribed as follows: 



Si ^ aiPi + Ni, 



(1) 



where a; is the phase state of the polarization signals. 
Pi and Ni arc the magnitude of the polarization signals 
and the noise respectively. Here, i is the normalized time 
index with respect to a half cycle of the modulation fre- 



quency. We re-define a^ 
(even) number; 



-1(— 1) in case the i is odd 



N2n, 



(2) 
(3) 



<S'2n+l = +P2n- 
S2n = ^P2n 

where n is the integer number, i.e., n = (0, 1, 2, ...). 

Traditional demodulation, namely two-point dcmodu 
lation, can be defined as, 

S2n+1 — S2n 



D^P = 



P2n+l + P2n , N2n+l - A^2n 



(4) 

(5) 



Here {2{t2n+i ~ i2n)}~^ corresponds to the modulation 
frequency. In case of the QUIET experiment^, the mod- 
ulation frequency is 4 kHa^ to suppress the 1// noise be- 
cause its knee frequency is typically a few kHz. Within 
such a short time interval, variation of observing di- 
rection, i.e., variation of the CMB signals, is negligi- 
ble {P2n — P2n+i)- Thc two-point demodulation is re- 
written as follows, 

Df = Pfc + AiV^P, (6) 



where k is the time index which synchronizes with the 
modulation, i.e., i^ = (i2n+i + ^2n)/2 and AA^^^ = 
{N2n+i — N2n)/2 is thc two-point difference of the noise. 
The formula indicates that the two-point modulation 
works as a first-order high pass filter for the noise. The 
transfer function from Nk to AA^^^, i.e., noise filtering 
power, is shown as a function of frequency in Fig. [TJ 
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FIG. 1. Transfer functions which indicate the power of noise 
filtering: two-point demodulation (dotted curves) and three- 
point demodulation (solid curves) as a function of frequency. 
The two-point demodulation works as a first-order high pass 
filter. The three-point demodulation works as a second-order 
high pass filter. 

Three-point demodulation iinproves suppression power 
further by applying one more high pass filter. It is defined 
as follows, 



D 



3p _ 




(7) 



^Pi + AN?P 



I ' 



(8) 
(9) 



r3p _ 



where AiV,^'' = [{N2n+i - A^2„)/2 - (iVsn - A^2„-i)/2] /2 
and I = 2n. We can also treat Pi does not vary within 
the time interval between 2n — 1 and 2n + 1. The term 
AN^ ^ is the difference of the two-point differentiations. 
The three-point demodulation can doubly suppress the 
low-frequency noise, i.e., it works as a second-order high 
pass filter as shown in Fig. [TJ Therefore, we can suppress 
the residual line noise in the two-point demodulation by 
using the three-point demodulation without study for 
thc line noise sources. It can be explained intuitively 
that smoothing with three neighboring points is more 
powerful for the low-frequency noise than the smoothing 
with two neighboring points. The extracted polarization 
signals do not change unless the demodulation frequency 
is different from the modulation frequency. 

We evaluate the actual impact of thc three-point de- 
modulation in real data. The demodulation functions 
are implemented on the readout electronics board^ to be 



quickly used in the experiment. The details of the exper- 
imental setup are described ini. Under the condition of 
14 Kelvin of load temperature conditioir, we irradiate 0.6 
Kelvin of the polarization which is rotated at r^ 30 sec- 
onds of cycle; the QUIET's detector— measures sinusoidal 
polarization response in the demodulated data (Fig. [2]). 
We confirmed both demodulation methods measure the 
same polarization signals; both lock-in anrplitudes are 
consistent within thc precision of 0.03%. 
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FIG. 2. Measured polarization signals with three-point 

demodulation (top panel) and with two-point demodulation 
(bottom panel). Both lock-in amplitudes are consistent with 
0.03% accuracy. 
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FIG. 3. Top panel shows noise spectral densities with two- 
point demodulation (dotted curves) and three-point demod- 
ulation (solid curves). Their ratio as a function of frequency 
is shown in bottom panel. Most of line noise is strongly sup- 
pressed by the three-point demodulation. The improvement 
of the noise fioor level (8.4%) is also confirmed. 

We also measure the demodulated data without any 
variation of the input polarization signals. The top panel 
of Fig. [3] shows noise spectral densities of each demodu- 
lation. Their ratio is also shown in the bottom panel of 
Fig. m Most of line noise disappeared as expected. We 
also found 8.4% of improvement for the noise floor in the 



demodulated data. This is the by-product of the three- 
point demodulation. The measured noise floor is deter- 
mined by the input noise level at around the modulation 
frequency. By using the two-point demodulation, con- 
tamination from the 1// noise has not been suppressed 
perfectly. The three-point demodulation improves the 
suppression. 

To understand the improvement of the noise floor, we 
performed a simulation. We generated the noise stream 
that corresponded to the second term in Eq. ([1]) based 
on the simple model that consists of the white noise and 
the 1// noise as iV(l + (/knee//)"), where /knee is the 
knee frequency, a is index to model the shape empirically, 
and N is the white noise level in a spectral density. The 
generated noise stream also includes a line noise at 20 Hz. 
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FIG. 4. Noise spectral densities with two-point and three- 
point demodulation for simulation data (top panel). Their 
ratio as a function of frequency (bottom panel). We use (/knoo, 
a, N) — (2 kHz, 1.5, 1.0 /iV^/Hz) for for the input parameters. 
Line noise at 20 Hz are strongly suppressed by the three-point 
demodulation. The improvement of the noise floor level is also 
found. 



TABLE I. Simulated noise floor for each demodulation 
scheme; two-point demodulation (2p), three-point demodula- 
tion (3p), four-point demodulation (4p). Input noise proper- 
ties are based on the ranges of QUIET's detector. On average, 
several percent improvement is expected by changing two- 
point to three-point demodulation. The improvement from 
three-point to four-point is at most 1%. 
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Figure |4] shows the noise spectral densities from both 
demodulations for the simulation data with (/knoo, a, 



7V)=(2.0 kHz, 1.5, 1.0 ^V^/Hz) and their ratio as a func- 
tion of frequency. We confirmed both the line suppression 
and the improvement of the noise floor by 10.1%. The 
noise fioor depends on the noise properties as listed in 
Table 1. In case of the higher /knoo or higher a, the noise 
floor in the two-point demodulation is higher than one for 
the three-point. In other words, the three-point demod- 
ulation has higher suppression power for the 1// noise 
contamination at around the modulation frequency. Typ- 
ical detector properties of QUIET's detectors are (/knooj 
a, N) is (1-2 kHz, 1-1.5, 1.0 nV^/Rz). We expect sev- 
eral percent of improvement for the noise level in the de- 
modulated data. This simulation explains the observed 
improvements of the noise fioor in the real data. 

We also estimate the level of the noise floor with four- 
point demodulation. The difference from the three-point 
demodulation is at most a few percents (Tab. |I|. Com- 
pared with the complexity of implementing the logic in 
the readout electronics, its impact is relatively low. We 
could achieve sufficient performance with the three-point 
demodulation within the range of the parameters for the 
detectors. 

In summary, we suggest using three-point demodula- 
tion for coherent detectors in the CMB experiments. This 
innovative demodulation strongly suppresses non-white 
noise, e.g. the line noise, in the data, which is one of 
the most important issues for CMB polarization exper- 
iments. The three-point demodulation is also immune 
to the tail of 1// noise, which results in improvement of 
the measured noise floor. We confirmed both impacts in 
the real data by using QUIET's detector. This technique 
is applicable to ongoing experiments, e.g., PLANK-LFI, 
and proposed experiments, e.g., QUIET Phase-II. 
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